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To better understand genetic diversity of mammalian reoviruses, we studied sequence variability in the S3 gene segment
of 17 field-isolate reovirus strains and prototype strains of the three reovirus serotypes. Strains studied were isolated over
a 37-year period from different mammalian hosts and geographic locations. A high degree of variability was observed in
the nucleotide sequences of the S3 gene, whereas the deduced amino acid sequences of the S3 gene product, sNS, were
highly conserved. When variability among the S3 nucleotide sequences was analyzed using pairwise comparisons, we found
that 5* and 3* noncoding regions were significantly more conserved than the remainder of the gene. This high degree of
sequence conservation was also observed within the first 15 nucleotides of the 5* coding region. Phylogenetic analyses
showed that multiple alleles of the S3 gene cocirculate and that genetic diversity in the S3 gene does not correlate with
host species, geographic locale, or date of isolation. Phylogenetic trees constructed from variation in the S3 sequences
are distinct from those previously generated from sequences that encode attachment protein s1, core protein s2, and
outer capsid protein s3, which supports the hypothesis that reovirus gene segments reassort in nature. These findings
suggest that reovirus gene segments are well-adapted to mammalian hosts and that reovirus evolution has reached an
equilibrium. q 1996 Academic Press, Inc.
Insight into mechanisms that generate diversity of viral teins has been studied in some detail (6–8); however,
genomes is essential for an understanding of virus–host little is known about evolution of genes that encode non-
interactions and important for development of antiviral structural proteins. It is possible that these genes are
vaccines. For viruses containing segmented genomes, evolving under different selection pressures than those
diversity can occur by reassortment of genome segments encoding structural proteins since nonstructural proteins
and accumulation of nucleotide substitutions. Mamma- are not constrained to maintain stable virion architecture.
lian reoviruses have served as useful models for studies The S3 gene of reovirus encodes the nonstructural protein
of virus–host interactions and evolutionary pathways of sNS (9, 10). The sNS protein is 366 amino acids in length
viruses containing segmented genomes. These viruses and plays an important role in the replication of reovirus
have a broad host range and are capable of infecting gene segments (11, 12). A temperature-sensitive mutant,
most mammalian species (1). The reovirus genome con- tsE 320, which contains a mutation that maps to the S3
sists of 10 segments of double-stranded (ds) RNA (2). gene segment (13), fails to synthesize dsRNA at nonper-
Reassortment of reovirus gene segments has been docu- missive temperatures (14). The sNS protein binds single-
mented in experimental settings (3–5), and at least some stranded RNA with high affinity (15–18) in a manner that
reovirus genes reassort in nature (6, 7). Although gene may be specific for each mRNA size class (17). These
segment reassortment appears to be a major force that findings have led to the suggestion that sNS also plays
drives reovirus evolution, strains available for studies of a role in reovirus gene segment assortment (12, 17).
reovirus sequence diversity have not permitted a rigor- To better understand forces that influence the diversity
ous assessment of the accumulation of nucleotide sub- of reovirus genomes, we determined the S3 gene nucleo-
stitutions in the reovirus genome over time. tide sequences of 17 reovirus strains isolated over a 37-
Evolution of reovirus genes that encode structural pro- year period from diverse geographic locations and host
species (Table 1). In addition to strains that were pre-
viously described, we report seven new isolates in this
1 To whom correspondence and reprint requests should be ad- study. Each of these strains was isolated from a humandressed at Lamb Center for Pediatric Research, D6227 MCN, Vanderbilt
host and passaged once in monkey kidney cells prior toUniversity School of Medicine, Nashville, TN 37232. Fax: (615) 343-
9723. E-mail: terry.dermody@mcmail.vanderbilt.edu. twice-plaque purification in murine L cells. We performed
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TABLE 1
Reovirus Strains Used for Phylogenetic Analyses
Viral straina Abbreviation GenBank accession No. Source or reference
T1/Human/Ohio/Lang/1953 T1L/53 M18389 (24) (46, 47)
T2/Human/Ohio/Jones/1955 T2J/55 M18390 (24) (47, 48)
T3/Human/Ohio/Dearing/1955 T3D/55 X01627 (11) (47, 48)
T1/Human/Wash.D.C./Clone62/1957 T1C62/57 U35356 (21)
T3/Human/Wash.D.C./Abney/1957 T3A/57 U35353 (49)
T3/Human/Wash.D.C./Clone84/1957 T3C84/57 U35354 (8)
T2/Simian/Maryland/SV59/1958 T2S/58 U35361 (47, 50)
T1/Human/Wash.D.C./Clone11/1959 T1C11/59 U35359 (21)
T3/Bovine/Maryland/Clone31/1959 T3C31/59 U35357 (21)
T3/Human/Tahiti/Clone8/1960 T3C8/60 U35355 (21)
T3/Murine/France/Clone9/1961 T3C9/61 U35352 (21)
T3/Bovine/Maryland/Clone18/1961 T3C18/61 U35358 (21)
T1/Human/Netherlands/1/1967 T1Neth/67 U35351 This report
T3/Feline/California/Cornell/1968 T3F/68 U35362 (51)
T2/Human/Netherlands/1/1973 T2Neth/73 U35350 This report
T3/Human/Netherlands/1/1983 T3Neth/83 U35349 This report
T1/Human/Netherlands/1/1984 T1Neth/84 U35348 This report
T2/Human/Netherlands/1/1984 T2Neth/84 U35347 This report
T1/Human/Netherlands/1/1985 T1Neth/85 U35346 This report
T2/Human/Tokyo/1/1990 T2Tokyo/90 U35360 This report
a Strains are named using the following scheme: serotype/species of origin/place of origin/strain designation/year of isolation.
neutralization assays to determine the serotype of the The S3 gene nucleotide sequences of reovirus proto-
type strains T1L/53, T2J/55, and T3D/55 were previouslynew strains, T1Neth/67, T2Neth/73, T3Neth/83, T1Neth/
84, T2Neth/84, T1Neth/85, and T2Tokyo/90, and two addi- reported as 1198 nucleotides in length with an open
reading frame of 1101 nucleotides, corresponding to thetional strains, T2S/58 and T3F/68, that were new to our
laboratory. Serotype was determined using type-specific sNS protein, and short noncoding regions of 23 nucleo-
tides at the 5* terminus and 64 nucleotides at the 3*neutralizing monoclonal antibodies directed against the
type 1 and type 3 s1 proteins (5C6 and 9BG5, respec- terminus (22–24). To determine the S3 gene nucleotide
sequences of the 17 reovirus field-isolate strains, wetively) and a polyclonal antiserum raised against proto-
type type 2 strain T2J/55 (Table 2). Strains T1Neth/67, purified genomic dsRNA from second- or third-passage
L-cell lysate stocks of twice-plaque-purified isolates ofT1Neth/84, and T1Neth/85 were neutralized by mono-
clonal antibody 5C6, and strains T3F/68 and T3Neth/83 each viral strain (25). These dsRNAs were used to gener-
ate cDNA clones by reverse transcription and polymer-were neutralized by monoclonal antibody 9BG5. Minimal
heterotypic neutralization was observed in neutralization ase chain reaction amplification (RT–PCR). Oligodeoxy-
nucleotide primers complementary to 20 nucleotides atassays using the 5C6 and 9BG5 antibodies; however,
a significant amount of heterotypic neutralization was the 5* terminus and 20 nucleotides at the 3* terminus of
the S3 gene were used in the RT–PCR reactions. Geno-observed using the polyclonal antiserum raised against
T2J/55, as has been reported previously for polyclonal mic dsRNAs were melted in 90% DMSO at 507 for 45
min, followed by the addition of ice-cold primers to theantireovirus antisera (19). Strains T2S/58, T2Neth/73,
T2Neth/84, and T2Tokyo/90 were not significantly neu- denatured template, and cDNAs were synthesized using
AMV reverse transcriptase (Boehringer Mannheim Bio-tralized by either monoclonal antibody but were neutral-
ized by the polyclonal anti-T2J antiserum, consistent with chemicals, Indianapolis, IN). PCR was performed for 34
cycles, using a program of denaturation at 957 for 2 min,the classification of these strains as serotype 2. As an
additional assessment of viral serotype, we determined annealing at 507 for 2 min, and synthesis at 727 for 3 min.
Abortive cDNAs were then completed in a synthesis stepthe electrophoretic mobility of the serotype-determining
S1 gene (20) using SDS–polyacrylamide gel electropho- at 727 for 20 min. The resultant cDNAs were cloned into
the pCRII vector (Invitrogen, San Diego, CA), and se-resis (data not shown). The electrophoretic mobility of
the S1 gene of type 1 and type 3 strains was found to quences of 1136 nucleotides of the S3 gene of a single
clone, including the entire open reading frame of sNScorrelate with serotype as determined by the neutraliza-
tion assays. The S1 gene segment mobility of the type 2 protein and three noncoding positions at the 5* terminus
and 32 noncoding positions at the 3* terminus, werestrains showed greater variability, as previously reported
for S1 gene segments of type 2 field-isolate strains (21). determined by dideoxy chain termination using T7 DNA
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TABLE 2 in S3 was significantly less than the variability at synony-
mous positions and ranged between 0 and 4.2%, with anNeutralization Assays for Serotyping Reovirus Field-Isolate Strainsa
overall average of 1.1% (Fig. 2). Thirteen cysteine resi-
Antibody dues were previously identified in the deduced amino
acid sequence of T1L/53 sNS, which are conserved in
Monoclonal Anti-T2 polyclonal Monoclonal all of the strains studied. None of the deduced sNS
antibody 5C6 antiserum antibody 9BG5
amino acid sequences contained a substitution at posi-Viral strain (0.5 mg/ml)b (1:16000)c (0.5 mg/ml)b
tion 260, which is changed from methionine to threonine
T1L/53 95 61 0 in the deduced sNS amino acid sequence of tsE 320
T2J/55 0 100 12 (24). These findings suggest that the sNS protein cannot
T3D/55 0 77 92 accommodate significant primary sequence variability
T2S/58 0 100 0
without compromising its functions in viral replication.T1Neth/67 88 81 0
This high degree of conservation was also observed be-T3F/68 0 85 86
T2Neth/73 0 90 0 tween strains isolated from different host species, such
T3Neth/83 0 81 90 as human strain T1C62/57 and bovine strain T3C18/61,
T1Neth/84 93 51 0 or murine strain T3C9/61 and human strain T1Neth/67.
T2Neth/84 0 67 0
From this analysis, it appears that divergent sNS se-T1Neth/85 91 78 0
quences do not confer selective advantage in the virus–T2Tokyo/90 0 97 10
host interaction. Similar findings were made in studies
a Anti-reovirus antibodies were diluted serially twofold in gelatin–saline of the reovirus S1 (8), S2 (6), and S4 (7) genes, which
and incubated with 1 1 103 PFU per milliliter of each reovirus strain at encode attachment protein s1, core protein s2, and outer
377 for 1 hr. Samples were titrated in duplicate on L-cell monolayers by
capsid protein s3, respectively. Thus, studies completedplaque assay (19). Data are presented as percentage reduction in PFU.
thus far of genes encoding structural and nonstructuralb Monoclonal antibodies 5C6 and 9BG5, which are directed against the
type 1 and type 3 s1 proteins, respectively (52), were affinity purified proteins have not led to the implication of a reovirus
using a protein G column (Cell Culture Center, Cellex Biosciences, Inc., protein in host range determination.
Minneapolis, MN). Noncoding regions of the aligned sequences of thec Polyclonal rabbit anti-reovirus antiserum was produced by inoculating
S3 gene of the 20 strains studied were significantly morea New Zealand white rabbit with approximately 100 mg of purified T2J/55
conserved than synonymous positions of the coding re-virions in complete Freund’s adjuvant, followed by 100-mg booster doses
in incomplete Freund’s adjuvant at 2, 3, and 7 weeks postinoculation (Co- gions; 22 of 35 noncoding nucleotides in the S3 genes
calico, Reamstown, PA). Antiserum was obtained from the rabbit 4 weeks sequenced in this study were identical in all strains (data
after the last boost and incubated at 567 for 60 min prior to use. not shown). This high degree of nucleotide sequence
conservation observed at the gene segment termini was
also observed to extend into the 5* coding region (Fig.polymerase (United States Biochemical, Cleveland, OH)
(data not shown). 2). Analysis of variability at the synonymous positions
showed that a region spanning the first 15 nucleotidesThe S3 sequences showed that lengths of the sNS-
encoding open reading frames were identical. When the of the sNS open reading frame was significantly more
conserved than the remainder of the gene. The frequencyS3 gene sequences of the 17 field-isolate strains were
aligned with sequences of the three prototype strains, of synonymous changes observed for this region of the
sNS-coding region varied from 5.9 to 6.1%, in comparison60.9% of positions were occupied by identical residues.
In pairwise comparisons of nucleotide sequence variabil- to an average of 24.3% (standard deviation of 6.4%) for
the remainder of the gene.ity, identity of nucleotide positions ranged from 71.7 to
99.2%. The majority of the observed nucleotide sequence The finding that variability in certain regions of the S3
gene is independent of protein-coding function suggestsvariability occurred at synonymous positions; in pairwise
comparisons, variability at synonymous positions in the that there is selection pressure to conserve these se-
quences at the nucleotide level. Similar levels of conser-S3 gene nucleotide sequences examined ranged from
3.4 to 86.4%. When corrected with the Jukes–Cantor evo- vation at gene–segment termini of other members of
the Reoviridae have been reported (6, 7, 27). Terminallution model (26), more than half of pairwise comparisons
of synonymous changes exceeded 75%, which repre- sequences of reovirus and rotavirus gene segments have
been suggested to form RNA secondary structures (6, 7,sents the expected distance between two unrelated se-
quences. In this analysis, variability at synonymous posi- 27–31), and interactions of gene segment termini have
been shown experimentally for plant reoviruses (32). Wetions between T2J/55 and all other strains was greater
than that at any other two-sequence comparison. used the RNA secondary structure algorithm of Zuker
and Stiegler (33) to predict RNA structures of the S3Deduced amino acid sequences of the sNS protein
were highly conserved; in pairwise comparisons variabil- gene of T1L/53, T2J/55, and T3D/55 (data not shown).
The complete message-sense S3 RNA, 1198 nucleotidesity ranged from 1.1 to 13.9% (Fig. 1). Concordantly, the
average pairwise variability at nonsynonymous positions in length, for each gene was subjected to the FOLD
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FIG. 1. Alignment of deduced sNS amino acid sequences of 20 reovirus strains. The T1L/53 sNS amino acid sequence is presented using the
single-letter amino acid code. Residues in the 19 sNS sequences that are identical to the T1L/53 sequence are indicated by dots. Solid circles
indicate positions of conserved cysteine residues. Amino acid position 260, which is changed from a methionine in T3D/55 to threonine in tsE 320
(24), is underlined. Amino acid positions are numbered above the sequences.
application of GCG package (34). In the RNA secondary To define evolutionary relationships of the reovirus S3
gene, we constructed phylogenetic trees using variationstructure predictions for all three sequences, we ob-
served a stem and loop formed by 3* terminal sequences in the S3 gene nucleotide sequences of the three proto-
type and 17 field-isolate strains. A phylogenetic tree gen-and a duplex RNA formed from base pairing of 5* and
3* terminal sequences. The region of base pairing be- erated using the branch-and-bound algorithm of the
PAUP parsimony package is shown in Fig. 3. Phyloge-tween the 5* and 3* termini corresponds to the highly
conserved regions of the field-isolate S3 genes, including netic trees generated using the same data set and the
neighbor-joining and maximum likelihood methods asthe noncoding regions at both termini and approximately
20 nucleotides of the coding region at the 5* terminus. applied in the Phylogeny Inference Package, PHYLIP
(35), have topologies identical to the tree generated byWe are currently conducting experiments to better under-
stand the functions of these proposed structures. PAUP (data not shown). The most noteworthy feature of
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FIG. 2. Distribution of variability at synonymous and nonsynonymous positions in the aligned S3 gene nucleotide sequences of 20 reovirus strains.
Nucleotide variability at synonymous and nonsynonymous positions of the sNS-encoding region of the S3 gene was calculated using sliding
windows of 10 codons offset by 1 codon each according to a previously described technique (6). The averages of pairwise percentage changes
for synonymous positions are plotted using the Y axis to the left; the averages of pairwise percentage changes for nonsynonymous positions are
plotted using the Y axis to the right.
the S3 phylogenetic tree is that the S3 sequences do example, the S3 sequence of T3C18/61 is more closely
related to the S3 sequences of T1C11/59 and T1C62/57not segregate into discrete lineages based on serotype,
geographic locale of isolation, or date of isolation. For than to those of any other type 3 strain. Human isolates
T1C11/59, T1L/53, and T1C62/57 are clustered with
strains isolated from bovine, feline, and simian hosts and
are distantly related to the other human strains studied.
The S3 nucleotide sequence of T3Neth/83, which was
isolated in The Netherlands in 1983, is more similar to
the S3 sequences of T3D/55, which was isolated in Ohio
in 1955, than to other strains that were isolated in The
Netherlands between 1973 and 1984. These findings in-
dicate that multiple alleles of the S3 gene segment cocir-
culate over time.
To test the possibility of reassortment between strains
of different serotypes and to evaluate the evolutionary
relatedness of the S3 gene relative to other reovirus gene
segments, we compared topologies of phylogenetic trees
constructed using S1 (8, 25, 36), S2 (6, 37), S3 (11, 24,
and this report), and S4 (7, 38–40) sequences of nine
reovirus strains and the PAUP parsimony algorithm (data
not shown). We found that the major branching orders of
each phylogenetic tree were significantly different when
compared to the others. These data indicate that the S1,
S2, S3, and S4 genes of these nine strains have unique
evolutionary histories, which suggests that these reovi-
rus gene segments reassort in nature.
Findings made in this and previous studies of reovirus
sequence diversity make it possible to generate a model
FIG. 3. Minimum-length phylogenetic tree based on the S3 gene
for reovirus evolution. The divergence of mammalian reo-nucleotide sequences of 20 reovirus strains. The phylogenetic tree for
viruses from a hypothetical progenitor does not appearthe S3 gene was constructed from the sNS-encoding S3 sequences
of prototype strains of three reovirus serotypes and 17 field-isolate to be a recent event, but likely occurred sufficiently long
strains using the branch-and-bound algorithm of the parsimony pro- ago to provide extensive evolutionary distances at synon-
gram PAUP (45). The tree is rooted at its midpoint, and lengths of ymous positions of reovirus genes. Despite this high de-
horizontal lines are proportional to the minimum number of nucleotide
gree of variability in silent positions, amino acid se-changes required to generate the observed variation. The scale is
quences are highly conserved in strains isolated fromproportional to nucleotide changes reconstructed for each branch.
Bootstrap values for major branches are shown below the branch lines. different host species, which suggests that reovirus
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